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• RBF is resilient towards variations in

the organic carbon fractions.
• RBF is resilient towards a DOC shock-

load.
• RBF is not resilient towards an OMP

shock-load.
• An OMP shock-load increases OMP

biodegradation rates for river water

organic matter.
• An OMP shock-load increases OMP

biodegradation rates for hydrophilic

organic matter.

a r t i c l e i n f o

Article history:

Received 12 May 2015

Received in revised form 22 August 2015

Accepted 5 September 2015

Available online 30 September 2015

Handling editor: Jörg E. Drewes

a b s t r a c t

This study investigated organic micropollutant (OMP) biodegradation rates in laboratory-scale soil

columns simulating river bank filtration (RBF) processes. The dosed OMP mixture consisted of 11 phar-

maceuticals, 6 herbicides, 2 insecticides and 1 solvent. Columns were filled with soil from a RBF site

and were fed with four different organic carbon fractions (hydrophilic, hydrophobic, transphilic and river

water organic matter (RWOM)). Additionally, the effect of a short-term OMP/dissolved organic carbon

(DOC) shock-load (e.g. quadrupling the OMP concentrations and doubling the DOC concentration) on

OMP biodegradation rates was investigated to assess the resilience of RBF systems. The results obtained
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. Introduction

Organic micropollutants (OMPs) such as pharmaceuticals, pes-

icides and industrial waste products have been detected in Dutch

urface waters in the ng/L to μg/L range (Houtman et al., 2014;

toks et al., 2014). River bank filtration (RBF) can effectively re-

ove various of these OMPs (Benotti et al., 2012; Henzler et al.,

014; Hoppe-Jones et al., 2010), but a few OMPs have also

hown rather persistent behaviour (e.g. carbamazepine, primidone)

Maeng et al., 2012; Rauch-Williams et al., 2010). The mecha-

isms responsible for differences in OMP removal are not yet fully

nveiled, but it is apparent that a number of processes are re-

ponsible for OMP removal during soil passage, such as sorption,

iodegradation, and mixing (Hiscock and Grischek, 2002). Amongst

hese, biodegradation was found to be the most important mech-

nism (Bertelkamp et al., 2014; Henzler et al., 2014; Maeng et al.,

011).

Several lab-scale studies have investigated the effect of different

issolved organic carbon (DOC) sources in the feed water (concen-

ration and composition) on OMP removal during soil passage (Li

t al., 2014; Maeng et al., 2011, 2012; Onesios and Bouwer, 2012;

auch-Williams et al., 2010). While some studies reported a pos-

tive correlation between biodegradable dissolved organic carbon

BDOC) concentration in the feed water and OMP removal (Lim

t al., 2008), others demonstrated a negative correlation (Li et al.,

014). The correlation between the BDOC composition and the re-

oval of OMPs reported in different studies also shows contradic-

ory results (Lim et al., 2008; Maeng et al., 2012). Although not

xplicitly shown in these previous studies, a possible explanation

or the difference in OMP removal with different BDOC concentra-

ion/composition, is the difference in microbial growth and speci-

tion as a result of organic carbon composition. This explanation

as further supported by a study performed by Rauch-Williams

t al. (2010), who investigated OMP removal in soil columns fed

ith different fractions of organic carbon obtained from wastewa-

er effluent thereby mimicking a managed aquifer recharge system.

he soil column fed with hydrophobic acids (refractory carbon)

as characterised by the lowest soil biomass, but showed equal or

etter OMP removal compared to the soil columns fed with other

rganic carbon fractions. It was hypothesized that an oligotrophic

ommunity developed in this column, which was well capable of

emoving OMPs.

Most previous lab-scale studies involving the effect of BDOC

oncentration and composition on OMP removal during soil aquifer

reatment, have used synthetic wastewater or organic carbon frac-

ions obtained from wastewater effluent as feed (Alidina et al.,

014; Li et al., 2014; Rauch-Williams et al., 2010). Translating the

esults of these wastewater studies to RBF systems is difficult since

he composition and characteristics of organic matter in treated
ontrast to what is observed for managed aquifer recharge systems oper-

OMP biodegradation rates are not affected by the type of organic carbon

, in case of stable operation. No effect of a short-term DOC shock-load

etween the different organic carbon fractions was observed. This means

this study is resilient towards transient higher DOC concentrations in the

ary OMP shock-load affected OMP biodegradation rates observed for the

ter organic matter (RWOM) and the hydrophilic fraction of the river wa-

rent biodegradation rates did not correlate with any of the parameters

lar adenosine triphosphate (cATP), DOC removal, specific ultraviolet ab-

ness of the soil microbial population or OMP category (hydrophobicity/

© 2015 Elsevier Ltd. All rights reserved.

astewater and natural surface water can greatly differ. Nam et al.

2008) demonstrated for example that river water (more represen-

ative of natural organic matter (NOM)) upstream from a wastewa-

er treatment plant was characterised by a higher hydrophobic and

ower hydrophilic fraction of organics, compared to a sample ob-

ained from the wastewater treatment plant effluent (representa-

ive of Effluent Organic Matter (EfOM)). In addition, the river water

ample was also characterised by a lower fraction of humic sub-

tances and a higher fraction of low molecular weight acids. These

ifferences emphasize the need to investigate the effect of organic

arbon fractions obtained from river water on OMP removal during

BF.

Additionally, it is necessary to gain further insight into the ef-

ect of variations in the organic carbon fractions in the feed wa-

er matrix on OMP biodegradation rates, because this aspect has

ot been investigated in previous studies. Since the character of

rganic matter present in the river is subject to seasonal variations

Alberts et al., 2001; Dong et al., 2014), a larger contribution of a

pecific organic carbon fraction towards the overall organic matter

oncentration present in the river could possibly influence the soil

icrobial population and therefore the removal of (certain) OMPs

uring RBF.

Finally, another important aspect that has received very lit-

le attention in past studies, is the effect of temporary OMP/DOC

hock-loads on OMP removal during RBF. These shock-loads could

ccur as a result of, for example, industrial spills, dry weather

onditions (low discharge of the river) in combination with con-

entrated discharge from wastewater treatment plants, or the sea-

onal/temporal use of pesticides/veterinary medicines on agricul-

ural land. Few field studies tried to elucidate the effect of sea-

onal variations in DOC concentration as well as the contribution

f wastewater on the RBF systems’ capability to remove OMPs

Hoppe-Jones et al., 2010; Regnery et al., 2015a; Storck et al., 2012).

owever, in field studies the sole effect of seasonal DOC variations

r OMP/DOC shock-loads is difficult to determine since the effect

f other parameters (e.g. temperature) that influence OMP removal

annot be excluded. In addition, it is practically infeasible to de-

ermine OMP biodegradation rates in the field and these are useful

hen comparing different RBF sites or assessing the removal po-

ential of a specific OMP for a RBF site.

To tackle aforementioned knowledge gaps, this study investi-

ates OMP biodegradation rates in laboratory soil columns sim-

lating the initial infiltration phase of a RBF process under

xic/subanoxic conditions. The objectives of this study were (i) to

nvestigate the effect of feeding different organic carbon fractions

btained from river water (hydrophilic, hydrophobic, transphilic

nd river water organic matter (RWOM)) to soil columns on OMP

iodegradation rates, and (ii) to investigate the effect of a short-

erm OMP/DOC shock-load on OMP biodegradation rates during
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soil passage to determine the resilience of RBF systems towards

these loads.

2. Materials and methods

2.1. Soil columns

The experimental set-up consisted of 8 transparent PVC

columns (L = 1 m, D = 36 mm) filled with soil from the RBF site

of drinking water company Oasen (51° 55′ 0.4′′ N, 4° 47′ 5.4′′ E).

Three different OM fractions (hydrophilic, hydrophobic, transphilic)

and the river water were fed in duplicate to one of the 8 columns

each. A detailed description of the fractionation of the organic car-

bon is provided in the Supplemental Information (SI). The RBF soil

used was characterised by the following soil fractions: sand 98.98

v/v %, clay 0.50 v/v % and silt 0.52 v/v%. The columns were filled

with soil in increments of 4–5 cm until completely full to prevent

layering. Top and bottom of the columns were fitted with perfo-

rated PVC plates (30 holes, d = 0.8 mm per hole) that were cov-

ered with filter cloth (45 μm, Top7even net & mesh, The Nether-

lands) to prevent leaching of sand grains. Water was fed to the

columns from bottom to top to prevent air entrapment at room

temperature (20 °C). Columns and feed solutions were packed

with aluminium foil to prevent algae growth and/or OMP loss due

to photolysis. Feed solutions were pumped through the columns

by a peristaltic multi-channel pump (205S, Watson Marlow, The

Netherlands) using Marprene® pump tubing (d = 0.63 mm, Wat-

son Marlow, The Netherlands). The pump tubes were connected to

the columns by grey polyamide tubing (di = 2.9 mm, Festo, The

Netherlands). The hydraulic loading rate applied on the columns

was 0.2 L/d, implying a residence time of 1 [m]/0.2 [m d−1] = 5

days. Pore velocity and porosity in all columns were determined

using deuterium (2H) as a tracer (SI). Pore velocity in the columns

varied between 0.45 and 0.52 m/d, while porosity varied between

0.37 and 0.40.

2.2. Experimental phases

The columns were adapted to river water from the RBF site for

approximately 2.5 months, until stable DOC removal was observed,

prior to feeding the columns with the organic carbon fractions. Hy-

dro chemical data of the river water is presented in Table S1.

Three experimental phases were distinguished in this study:

phase 1, phase 2 and phase 3. In phase 1, the columns were fed

with the different fractions (RWOM, hydrophilic, transphilic and

hydrophobic) in a concentration of 4 mg/L DOC each. At the same

time, OMPs were dosed in a concentration of 0.5 μg/L. Phase 1 is

further referred to as “stable operation”. In phase 2, the fractions

were dosed in a concentration identical to phase 1 (4 mg/L DOC),

but the OMP dosing was increased to 2 μg/L to mimick an OMP

shock-load as a result of for example an accidental OMP spill up-

stream in the river. Phase 2 is referred to as “OMP shock-load”. In

phase 3, the OMP dosing was identical to phase 2 (2 μg/L), but the

concentration of the organic carbon fractions dosed to the columns

was increased to 8 mg/L DOC to mimick a temporarily lower dis-

charge of the river which will result in a higher DOC concentration.

Phase 3 is referred to as “DOC shock-load”. Operational characteris-

tics of the three experimental phases are presented in Table S2. In

phase 1, four OMP samples were taken from the effluent of each

column. Duplicate columns were operated for each fraction, thus

eight data points were obtained. For phases 2 and 3, two OMP

samples were taken from the effluent of each column, implying

that four data points were obtained for each fraction since dupli-

cate columns were operated. Water quality parameters were anal-

ysed at the same frequency.
.3. Organic micropollutants

The OMP mixture fed to the different columns consisted of

0 OMPs covering a wide range of physico-chemical properties

Table 1). All OMPs were of analytical grade and purchased from

igma Aldrich, Belgium. OMPs were analysed with UHPLC-HR-

rbitrap-MS, a detailed description of the analysis is provided in a

revious study (Bertelkamp et al., 2015a). Detection limits are pro-

ided in Table S3.

.4. Water quality parameters

Characterisation of the different DOC fractions (hydrophilic, hy-

rophobic, transphilic) was performed by means of Liquid Chro-

atography – Organic Carbon Detection (LC–OCD) to identify dif-

erences in DOC, organic nitrogen concentration and UV absorp-

ion (DOC Labour Huber, Germany). The analysis was performed for

hase 3 for the unfractionated river water and the different organic

arbon fractions fed to the columns. Measurement was performed

s described elsewhere (Huber et al., 2011; Löwenberg et al., 2014).

Total organic carbon was measured with a TOC-5000 analyser

Shimadzu, USA). Samples (25 mL) were filtered over 20 μm filters

Whatmann, Germany) prior to DOC analysis. UV254 was analysed

ith a spectrophotometer (UV-1600PC, VWR, USA). Specific Ultra-

iolet Absorbance (SUVA) was then calculated as indicator for the

romaticity of the organic carbon according to Eq. (1):

UVA = UVA254nm

DOC
· 100 (1)

In which:

SUVA = specific ultraviolet absorbance [L mg−1 m−1].

UVA = ultraviolet absorbance at 254 nm [cm−1].

DOC = dissolved organic carbon concentration [mg L−1].

100 = conversion factor [cm m−1].

Oxygen, temperature, pH and ions were measured as described

n Bertelkamp et al. 2015a.

.5. Soil microbial activity and composition

Cellular adenosine triphosphate (cATP) concentrations in the

oil samples were determined as an indicator for active biomass

for a detailed description see SI). Denaturing Gradient Gel Elec-

rophoresis (DGGE) analysis was performed on soil samples from

he in- and effluent of all columns at the end of each experimental

hase to gain more insight into the microbial community composi-

ion as characterized by richness and evenness. A detailed descrip-

ion is provided in (Bertelkamp et al., 2015a).

.6. Statistical analysis

The statistical software package R was used to perform all

tatistical analyses (R Development Core Team, 2008). A p-value

0.05 was defined as statistical significant.

.7. Modelling

CXTFIT (Toride et al., 1995) was used to obtain the OMP degra-

ation rates (μ) in the columns fed with different organic car-

on fractions by fitting the experimental data to the advection–

ispersion equation (for a detailed description see (Bertelkamp

t al., 2015a)).
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Table 1

Physico-chemical properties of OMPs.

OMP Class MW Charge (pH 8) Log D (pH 8)a OMP category

Acetaminophen Pharmaceutical 151.16 0 0.85 Neutral – hydrophilic

Atrazine Herbicide 215.68 0 2.26 Neutral – transphilic

Carbamazepine Pharmaceutical 236.27 0 2.64 Neutral – transphilic

Chloridazon Herbicide 221.64 0 1.05 Neutral – transphilic

Clofibric acid Herbicide 214.65 −1 −0.18 Charged – hydrophilic

Diclofenac Pharmaceutical 296.15 −1 1.21 Charged – transphilic

Diglyme Solvent 134.17 0 0.10 Neutral – hydrophilic

Dimethoate Insecticide 229.26 0 0.21 Neutral – hydrophilic

Diuron Herbicide 233.09 0 2.49 Neutral – transphilic

Gemfibrozil Pharmaceutical 250.3 −1 1.36 Charged – transphilic

Hydrochlorothiazide Pharmaceutical 297.74 0 −0.72 Neutral – hydrophilic

Ketoprofen Pharmaceutical 254.28 −1 0.49 Charged – hydrophilic

Lincomycin Pharmaceutical 406.54 +1 −1.22 Charged – hydrophilic

Metoprolol Pharmaceutical 267.36 +1 0.14 Charged – hydrophilic

Naproxen Pharmaceutical 230.26 −1 0.10 Charged – hydrophilic

Phenazone Pharmaceutical 188.23 0 1.11 Neutral – transphilic

Pirimicarb Insecticide 238.29 0 1.74 Neutral – transphilic

Simazine Herbicide 201.66 0 1.83 Neutral – transphilic

Sulfamethoxazole Pharmaceutical 253.28 0 0.39 Neutral – transphilic

Triclopyr Herbicide 256.47 −1 −0.53 Charged – hydrophilic

a Obtained from calculated value ChemAxon (http://www.chemspider.com).
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. Results and discussion

.1. Liquid chromatography – organic carbon detection (LC–OCD)

LC–OCD analysis was performed to determine if the organic

ractions obtained after fractionation were actually showing differ-

nces with respect to organic carbon composition (e.g. aromatic-

ty and carbon constituents). Decreasing aromaticity of the humics

raction was observed in the order of hydrophobic, transphilic and

ydrophilic (Table 2). The hydrophobic, transphilic and hydrophilic

raction showed a statistically significant difference in aromaticity.

lthough aromaticity of the transphilic fraction and the river wa-

er (RWOM) was similar, a statistically significant difference in car-

on constituents such as building blocks was observed for these

ractions (Table S4). This implies that the composition of the four

rganic carbon fractions was indeed different.

.2. Water quality parameters & soil microbial activity and

omposition

Most columns showed no, or only slight changes in pH be-

ween influent and effluent (Table S5) and nitrate reducing con-

itions prevailed for all organic carbon fractions (Table S6) in all

hree experimental phases.

The microbial populations in all columns showed a very rich

nd even community (with an average richness of 47 (±14) bands

nd an average evenness of 0.66 (±0.18)) (Table S7). The soil mi-

robial population composition (richness and evenness, average in-

nd effluent side) and concentration (ATP, average in- and effluent

ide, Table S8) it not greatly affected by either the four organic

arbon fractions or an OMP or DOC shock-load (Table 3). Since

oil microbial population composition and concentration are not

reatly affected by an OMP or DOC shock-load, it apparently needs
able 2

romaticity of the different fractions.

Fraction Aromaticity (L mg−1 m−1) (95% confidence interval)

Hydrophobic 4.36 (3.94–4.78)

Transphilic 3.38 (2.96–3.80)

RWOM 3.07 (2.65–3.49)

Hydrophilic 2.02 (1.60–2.44)

e

2

a

d

d

f

v

s

t

s

longer time to adapt to the new DOC/OMP shock-load than was

rovided in the current study (3 weeks). Li et al. (2013) observed

hat the soil microbial population in a column representative of a

anaged aquifer recharge system reached steady state conditions

nly after 3–4 months which confirms the observed behaviour in

he current study. Thus, RBF seems to be quite resilient against

hese shock-loads in the sense that the microbial population is not

trongly affected as long as the “shock-loads” are only applied for

limited time.

No statistically significant difference in average DOC removal

Table 3, Table S9) was observed between the four fractions within

xperimental phase 1 and 3 or for a specific organic carbon frac-

ion in the case of a temporary OMP or DOC shock-load (except the

ydrophilic fraction for which the evenness of the microbial pop-

lation was altered as a result of OMP or DOC shock-load). DOC

emoval within phase 2 was statistically significant smaller for the

iver water compared to the hydrophilic and transphilic fractions,

ut similar to the hydrophobic fraction. Thus, the type of organic

arbon fraction or an OMP/DOC shock-load does not seem to affect

OC removal. This could be explained by the similar soil microbial

opulation composition and concentration.

A statistically significant difference in SUVA removal (Table 3,

able S10) was observed between the four organic carbon fractions

or each experimental phase. This could be explained by the dif-

erence in aromaticity of the four fractions in the feed waters as

ndicated by the LC–OCD analysis.

.3. OMP removal

Several studies have indicated that OMP sorption is small com-

ared to OMP biodegradation with retardation factors close or

qual to 1 for most OMPs (Bertelkamp et al., 2014; Burke et al.,

013; Henzler et al., 2014). Hence, the retardation factor in the

dvection-dispersion equation was set to 1 and only the biodegra-

ation rate (μ) was determined. Table 4 provides the modelled

egradation rates of the OMPs for the columns fed with different

ractions for all experimental phases. Plots of experimental data

ersus modelled data points (Ceffluent/Cinfluent = Ce/C0) are pre-

ented in Figures S2, S3 and S4. Coefficients of determination for

he linear fits as well as the equations describing these fits are pre-

ented in Table S11.

http://www.chemspider.com
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Table 3

p-Values (one-way ANOVA) for water quality parameters in the columns between the different fractions for a specific phase and for a specific fraction between different

phases.

Effect of organic carbon fraction

Phase DOC removal [%] p-value SUVA removal [%] p-value ATP concentration [pg/g] p-value Richness p-value Evenness p-value

1 – Stable operation 0.37 5·10−3 0.84 0.31 0.37

2 – OMP shock-load 2.39·10−4 6.03·10−7 0.63 0.17 0.25

3 – DOC shock-load 0.14 0.03 0.10 0.87 0.90

Effect of OMP/DOC shock-load

Fraction DOC removal [%] p-value SUVA removal [%] p-value ATP concentration [pg/g] p-value Richness p-value Evenness p-value

Hydrophilic 3.00·10−3 0.015 0.43 0.89 0.68

River water OM 0.29 0.005 0.15 0.06 0.11

Transphilic 0.15 0.163 0.06 0.16 4.80·10−2

Hydrophobic 0.71 0.082 0.18 0.78 0.40
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For the persistent OMPs (atrazine, carbamazepine, diglyme,

dimethoate, diuron, lincomycin, pirimicarb, simazine, and sul-

famethoxazole), OMP biodegradation rates were comparable to

those observed in a previous study in which similar soil and river

water were used (Bertelkamp et al., 2015b). However, for the more

degradable OMPs (acetaminophen, chloridazon, clofibric acid, di-

clofenac, ketoprofen, and phenazone), biodegradation rates were

slightly lower compared to our previous study (Bertelkamp et al.,

2015b). This could be explained by either the lower active biomass

on the soil in the current study (ATP = 70 ng cm−3) compared to

the previous study (ATP = 109–135 ng cm−3), the different redox

conditions (nitrate reducing versus oxic conditions in the previous

study), or a combination of both. Regnery et al. (2015b) demon-

strated that acetaminophen removal was not affected by redox

conditions, thus the most plausible explanation for the lower OMP

biodegradation rates observed in this study is the lower quantity

of active biomass.

3.3.1. OMP removal – effect of different organic carbon fractions

within an experimental phase on OMP biodegradation rate

No statistically significant difference in OMP biodegradation

rate between the different organic carbon fractions within Phase

1 and Phase 3 was observed (Table 5). This implies that varia-

tions in the organic carbon fractions present in the river are not

likely to affect the OMP biodegradation rate at the RBF site simu-

lated in this study in case of stable operation and for a DOC shock-

load. RBF thus seems robust and resilient towards variations in or-

ganic carbon composition during stable operation which is contra-

dictory to the results found for wastewater whereby the hydropho-

bic acids fed column was characterized by the lowest biomass

quantity, but showed similar or even better OMP removal (Rauch-

illiams et al., 2010). Since similar DOC feed concentrations were

used in that study compared to this study, the differences in ob-

served OMP removal could be explained by the different char-

acter (e.g. biodegradability) of the organic carbon. Depending on

the extent of wastewater treatment, biodegradability of wastewa-

ter derived organic matter can be significantly higher than the or-

ganic matter found in river waters. Organic matter from river wa-

ter (with a low impact of wastewater) typically has a more refrac-

tory character, which could possibly lead to less distinct differences

in biodegradability between fractions. The river water investigated

in this study is only slightly impacted by treated wastewater (5–

10%) and it is possible that river streams more heavily impacted by

wastewater lead to different results. Future research should eluci-

date if there is a threshold for which OMP degradation rates are

affected as a result of impacts of wastewater organics on the river

water.
However, a statistically significant difference in OMP biodegra-

ation rate between the different organic carbon fractions was

bserved within experimental Phase 2 (OMP shock-load). For an

MP shock-load, the columns fed with the hydrophilic and RWOM

raction were characterised by higher average OMP biodegradation

ates than the transphilic and hydrophobic fraction. These results

ndicate that in case of an OMP shock-load river waters consist-

ng mainly of hydrophilic organic carbon could demonstrate much

arger OMP biodegradation rates.

The observed differences in OMP biodegradation rates could

ot be explained by the differences in DOC removal, average ATP

oncentration, richness/evenness, or SUVA removal. Possibly, the

igher average OMP biodegradation rates observed for the RWOM

nd hydrophilic fraction are caused by the presence of specialised

oil bacteria and/or enzymes due to the nature of the organics

ed. However, more in-depth analyses of the microbial community

omposition (e.g. genomic analyses) should be performed to test

his hypothesis.

.3.2. OMP removal – effect of OMP/DOC shock-load on OMP

iodegradation rate for a specific organic carbon fraction

A DOC shock-load did not significantly affect OMP biodegra-

ation rates in the columns fed with the different fractions

Table 5) which could be explained by the similar DOC removal

nd biomasses (e.g. quantity and composition) observed in the dif-

erent columns for phase 3.

However, an OMP shock-load resulted in a statistically signifi-

ant difference in OMP biodegradation rate for the hydrophilic and

WOM fraction (Table 5). The average OMP biodegradation rate

or the hydrophilic and RWOM fraction increased clearly between

hase 1 and Phase 2. Thus, as a result of an OMP shock-load, av-

rage OMP biodegradation rates in the initial infiltration phase can

iffer depending on the quantity of certain organic carbon fractions

hydrophilic) in the river water contributing to overall RWOM.

In general an increase in OMP biodegradation rate as a result of

n increase in OMP concentration is suggestive of metabolic degra-

ation, however, in the current study an increase in biomass is not

bserved. Therefore the increase in OMP biodegradation rate as a

esult of an OMP shock-load is most likely due to co-metabolic

egradation. The co-metabolic degradation of OMPs during soil

assage has been suggested in previous studies as well (Alidina

t al., 2014; Rauch-Williams et al., 2010). A further characterisa-

ion of the soil microbial population should provide more insight

n the role that (specialized) bacteria and/or enzymes play in co-

etabolic OMP removal.

An increase in OMP biodegradation rate as a result of an

ncrease in initial OMP concentration has been reported before
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Table 4

OMP degradation rates (μ) for different experimental phases and organic carbon fractions.

Phase 1 – μ [d−1] Phase 2 – μ [d−1] Phase 3 – μ [d−1]

OMP Hydrophilic RW OM Transphilic Hydrophobic Hydrophilic RWOM Transphilic Hydrophobic Hydrophilic RWOM Transphilic Hydrophobic

Acetaminophen ND ND 0.63 ND ND ND ND ND ND ND ND ND

Atrazine 0.00 0.00 0.00 0.09 0.29 0.18a 0.26 0.13a 0.00 0.10 0.00 0.14

Carbamazepine 0.00 0.00 0.00 0.12 0.50 0.31 0.23 0.22 0.37 0.36 0.00 0.00

Chloridazon 0.00 0.00 ND 0.00 0.07a 0.89 0.00 0.00 0.25a 1.48 0.00 0.38a

Clofibric acid 0.50 0.43 0.37 0.51 0.53 0.36a 0.06a 0.22a 0.46 0.48a 0.00 0.26

Diclofenac 0.31a 0.23a 0.09a 0.37 0.91 0.52a 0.39 0.71a 0.93 1.08 0.93 ND

Diglyme 0.00 0.00 0.00 0.00 ND ND ND ND ND ND ND ND

Dimethoate 0.55 0.22 0.39 ND 0.60 0.42 0.43 0.36 0.45 ND 1.01 ND

Diuron 0.25 0.62 0.29 0.47 0.79 0.73a 0.76 0.61 0.51 0.44 0.30 0.46

Gemfibrozil 0.50 ND ND ND 0.62 0.48 0.56 0.30 ND 0.68 0.24 ND

Hydrochlorothiazide ND ND ND ND 0.00 0.29a 0.36a 0.24 ND 0.26a 0.23 0.00

Ketoprofen 0.83 0.34a 0.26 0.26 ND ND ND ND ND ND 1.16 ND

Lincomycin 0.43 0.00 0.70 0.28 ND ND ND ND ND ND ND ND

Metoprolol 0.44 0.43 1.09 1.08 2.20 ND ND ND 1.02 1.37 1.49 2.81

Naproxen ND ND 0.22 ND ND ND ND ND ND ND 0.66a ND

Phenazone 0.46 0.19 0.22 ND 0.39 0.72 0.25 0.00 1.07 1.98 0.00 0.00

Pirimicarb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12a

Simazine 0.00 0.00 0.00 0.00 0.18a 0.06a 0.17 0.00 0.00 0.04 0.00 0.11

Sulfamethoxazole 0.54 0.34 0.32 0.31 2.26 2.03 0.15 0.95a 1.83 2.09 0.12a 0.98a

Triclopyr 0.55a 0.22 1.25 ND 1.00 0.91 0.73a 1.79 0.37a 0.37a 0.12a 0.72a

Average 0.30 0.18 0.36 0.27 0.78 0.72 0.29 0.35 0.60 0.87 0.38 0.47

St dev 0.28 0.21 0.38 0.30 0.71 0.61 0.23 0.54 0.57 0.77 0.53 0.96

ND = No Data.

μ ≤ 0.05 was set to μ = 0.

In case a row contained two or more “ND” values, the row was omitted from the statistical analysis. OMP biodegradation rates with a confidence interval through zero were also omitted from the statistical analysis.
a Confidence interval through 0, result statistically not significant.
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Table 5

p-Values (multi-factorial ANOVA) for the effect of organic carbon fraction or OMP/DOC shock-load on the OMP biodegradation rate.

OMP biodegradation rate, p-value OMP biodegradation rate, p-value

Phase Effect organic carbon fraction Fraction Effect OMP shock-load Effect DOC shock-load

1 – Stable operation 0.09 Hydrophilic 4.94·10−2 0.24

2 – OMP shock-load 1.73·10−2 RWOM 0.03 0.13

3 – DOC shock-load 0.07 Transphilic 0.09 0.62

Hydrophobic 0.19 0.22

OMP biodegradation rate, p-value OMP biodegradation rate, p-value

OMP category Effect organic carbon fraction within phase 2 Fraction Effect OMP shock-load

Hydrophilic-charged 0.20 Hydrophilic 0.07

Hydrophilic-neutral 0.50 RWOM 0.37

Transphilic-charged 0.59

Transphilic-neutral 0.10
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(Baumgarten et al., 2011), but was never linked to certain organic

carbon fraction as in the current study. Again, an explanation for

the increase in OMP biodegradation rate as a result of an OMP

shock-load for specifically the RWOM and hydrophilic fraction can-

not be given based on the DOC removal, average ATP concentration

and richness/evenness analyses. However, further characterisation

of the organic carbon fractions removal along the height of the

column as well as the microbial community composition (quantity

and quality), is required to be able to provide a solid explanation

for the observed behaviour.

3.3.3. OMP removal – effect of OMP category on OMP biodegradation

rate

A statistically significant difference in average OMP biodegrada-

tion rate was found between the four different organic carbon frac-

tions within experimental Phase 2. Additionally, a temporary OMP

shock-load affected OMP biodegradation rates in the columns fed

with the RWOM and hydrophilic fraction (Table 5). To determine

if these effects were caused by the OMP category, a multi-factorial

ANOVA was used.

OMPs were categorized according to charge (charged and neu-

tral) and hydrophobicity (hydrophilic, transphilic, hydrophobic).

According to the definition of (Cunningham, 2008) OMPs with a

Log D < 1 were classified as hydrophilic, while OMPs with a log

D ≥ 3 were classified as hydrophobic. Any OMP with a log D be-

tween 1 and 3 was categorized as transphilic (Table 1).

No statistically significant difference in average OMP biodegra-

dation rate was observed between the four fractions for a spe-

cific OMP category within phase 2 (Table 5). Similarly, no statis-

tically significant difference in OMP biodegradation rate as a re-

sult of OMP category between Phase 1 and 2 was observed for

the hydrophilic and RWOM fraction (Table 5). Therefore it is con-

cluded that the statistically significant difference in average OMP

biodegradation rate observed between the four different organic

carbon fractions within experimental phase 2 and the difference in

average OMP biodegradation rate as a result of the OMP shock-load

for the hydrophilic and RWOM fraction could not be explained by

the OMP category (charge and hydrophobicity) as investigated in

this study.

4. Conclusion

From this study it is concluded that OMP biodegradation rate

is not affected by either the type of organic carbon fraction ob-

tained from river water fed to the soil column (in contrast to what

is observed for managed aquifer recharge systems operating on

wastewater effluent) or a DOC shock-load. Thus, the RBF site sim-

ulated in this study is most likely resilient towards variations in
he organic carbon composition of the river water and a tempo-

ary higher DOC concentration in the river water.

Finally, a temporary OMP shock-load resulted in an increase in

MP biodegradation rate for the columns fed with river water or-

anic matter and the hydrophilic fraction of the river water organic

atter. The increase in OMP biodegradation rate for specifically the

olumns fed with these fractions could not be explained by the

arameters investigated in this study (ATP, DOC removal, SUVA,

ichness/evenness of the soil microbial population, or OMP cate-

ory). Future research should focus on the changes in organic car-

on composition (for example, by LC–OCD and F-EEM analysis) as

ell as the microbial community composition (quantity and qual-

ty, for example by genomic analysis) along the column to provide

n explanation for the increase in OMP biodegradation rate as a re-

ult of an OMP shock-load for these two fractions and to elucidate

he role of metabolic/co-metabolic OMP degradation.
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